Topoisomerase V is a type I topoisomerase without structural or sequence similarities to other topoisomerases. Although it belongs to the type I subfamily of topoisomerases, it is unrelated to either type IA or IB enzymes. We used real-time single-molecule micromechanical experiments to show that topoisomerase V relaxes DNA via events that release multiple DNA turns, employing a constrained swiveling mechanism similar to that for type IB enzymes. Relaxation is powered by the torque in the supercoiled DNA and is constrained by friction between the protein and the DNA. Although all type IB enzymes share a common structure and mechanism and type IA and type II enzymes show marked structural and functional similarities, topoisomerase V represents a different type of topoisomerase that relaxes DNA in a similar overall manner as type IB molecules but by using a completely different structural and mechanistic framework.
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magnetic tweezers ͉ single molecule ͉ archaeon ͉ DNA topology ͉ type IC T opoisomerase V (topo V) of the archaeon Methanopyrus kandleri is a 110-kDa enzyme belonging to the type I family of topoisomerases (1) . Type I topoisomerases previously have been subdivided into two subtypes, IA and IB (2) , based on whether they form a transient 5Ј or 3Ј covalent bond with the broken DNA strand (reviewed in ref. 3) . Topo V possesses biochemical properties associated with type IB topoisomerases, namely, cleavage of a single DNA strand, formation of a covalent intermediate with the 3Ј end of the broken strand, and the ability to relax both positive and negative supercoils in a magnesium-and ATP-independent manner (1) . Despite these commonalities, topo V shows no sequence similarity to other type IB enzymes (4) . Furthermore, the structure of topo V bears no resemblance to any known topoisomerase but instead reveals a unique fold (5) . Although the active site of topo V includes a constellation of amino acids similar to that in type IB enzymes, their spatial arrangement is different. All these data suggest that, despite overall similarities, topo V and type IB enzymes use different catalytic mechanisms for DNA cleavage and religation. Furthermore, the mechanism of DNA relaxation used by topo V is unknown.
Two mechanisms of DNA relaxation have been discussed for type I topoisomerases: an enzyme-bridged strand passage mechanism and a swiveling or ''controlled rotation'' mechanism. Type IA topoisomerases have a characteristic toroidal shape (6) and use an enzyme-bridged strand passage mechanism where both ends of the broken DNA strand are bound to the enzyme, preventing DNA swiveling. The intact DNA strand is passed through the transient break in the other strand before the topoisomerase religates the broken strand. This mechanism changes the DNA linking number strictly in increments of one (⌬Lk ϭ Ϯ1) (7) (8) (9) . Type IB enzymes use a radically different mechanism involving swiveling, or rotation of one DNA strand around the other, to release supercoils. The protein embraces the DNA and cleaves one strand, allowing the free cleaved strand to rotate around the other until religation occurs (10) . This controlled rotation mechanism changes the linking number by more than one during each cleavage/religation cycle. The average linking number change per cycle varies with torque and type of enzyme (11) , but a hallmark of the swiveling mechanism is that the number of turns released per cycle is exponentially distributed.
The structure of a 61-kDa fragment of topo V (5) revealed it to lack the hole required by the enzyme-bridged strand passage model. Instead, topo V possesses a large groove that could accommodate DNA more in agreement with the general features of type IB than type IA enzymes. Nevertheless, it is unclear whether topo V can completely surround DNA to constrain swiveling or whether it passes one strand through the other after cleavage (Fig. 1A) . Given the unique structure and biochemistry of topo V, it is important to understand its mechanism in greater detail. Insights into the mechanistic pathway of topo V also may help understand better its role in vivo and establish whether there are alternative mechanisms of DNA relaxation not yet described.
In this study, we probed the mechanism of DNA relaxation used by topo V by conducting real-time single-molecule experiments with magnetic tweezers with an N-terminal 78-kDa fragment of topo V (topo-78). The experiments reveal that topo V relaxes both positively and negatively supercoiled DNA via multiple-turn events. Experiments at different stretching forces show the relationship between the rotational relaxation rate (angular relaxation velocity) and the mean number of steps relaxed per cycle. We found the relationship between the torque in the DNA and the angular relaxation velocity. Experiments at different viscosities suggest that conformational changes in the DNA and enzyme may play an important role in the reaction cycle. We also have quantified the microscopic friction associated with a topoisomerase; we have found the linear rotational friction and also observed the onset of a nonlinear friction effect at large rotation rate.
Comparison of the results obtained for topo V and type IB enzymes reveals that despite drastic structural differences, there are overall commonalities in their mechanisms, although with significant and subtle differences. The sequence, biochemical, structural, and micromechanical data strongly suggest that topo V represents a topoisomerase unique to archaea, with a unique structure and catalytic mechanism of cleavage/religation, but with DNA relaxation mechanics similar to those of the type IB enzymes. Our observations indicate that topo V represents a discrete class of topoisomerases, type IC, with distinct structural and mechanistic characteristics (5, 12) .
Results
Topo V is unusual in that it has topoisomerase and apurinic/ apyrimidinic site-processing activity in the same molecule. Topoisomerase activity is present in the Ϸ30-kDa fragment at the N-terminal part of the enzyme, whereas the rest of the protein is formed by 24 tandem helix-hairpin-helix (HhH) repeats, some of which are involved in DNA repair (4, 13) . Topo V is a hyperthermophilic enzyme with a temperature optimum of 108°C for its topoisomerase activity (1) . The enzymatic activity decreases with decreasing temperature, exhibiting slow relaxation activity near 37°C and almost no activity at room temperature (data not shown).
To monitor single-molecule events in real time, we took advantage of this property and conducted experiments at 40°C. In addition, most topo V relaxation experiments were carried out in buffer with 40% glycerol added. The viscosity of this buffer solution was measured to be three times larger than the buffer without glycerol. The presence of glycerol slowed down the rotation rate and allowed us to resolve relaxation events more clearly. Addition of glycerol does not abolish relaxation in bulk experiments (data not shown); no attempt was made to quantitate the effect of glycerol on relaxation rate in the bulk experiments. A smaller number of experiments were carried out by using buffer with no glycerol added (Materials and Methods).
For low forces (Յ0.5 pN), the behavior of the DNA is insensitive to the sign of supercoiling, and addition of either positive or negative plectonemic supercoils results in similar reductions of DNA extension (Fig. 1B) . Under low force, addition of topo-78 to positively or negatively supercoiled DNA results in a stepwise increase in DNA extension, where each elongation step signifies removal of DNA supercoils ( Fig. 2A) . We did not observe a clear difference in DNA relaxation that depended on the sign of supercoiling (data not shown). We do expect differences for relaxation DNA calibration. The extension of a 9.7-kb DNA was monitored at different stretching forces. At a low force of 0.2 pN (red circles), the extension of DNA decreases irrespective of the sign of supercoiling because of the formation of plectonemic supercoils. At 0.5 pN (green triangles), DNA extension still decreases irrespective of the direction of rotation of the magnet, although plectonemes coexist with denatured DNA for negative supercoils. At high forces (1 pN, blue squares; 2.5 pN, black diamonds), DNA extension decreases only with the introduction of positive supercoils. The DNA denatures for negative supercoils, and there is no change in DNA extension with introduction of negative rotations. Events only were considered for analysis only when they fell in the linear range of the DNA calibration curve. Step-size distribution for topo-78 measured in absence of glycerol when 45 plectonemic supercoils were applied at a force of 0.5 pN. The line was fit assuming an exponential decay. Error bars represent the square root of the number of events.
of supercoils of different signs [supporting information (SI)], but extensive and highly accurate measurements would be required to establish the magnitude of this asymmetry.
Relaxation reactions could be carried out many times; after full relaxation, the magnet was rotated again to reintroduce supercoils, and the DNA subsequently was relaxed by the topoisomerase. At higher forces (Ն1 pN), however, DNA extension decreased only when positive supercoils were applied; introduction of negative supercoils led to DNA denaturation with no concomitant change in DNA extension (Fig. 1B) . Because of this finding, experiments at or above 1 pN force were carried out with positively supercoiled DNA.
One of our major objectives was determining whether topo-78 relaxes DNA by changing linking number in single or multiple steps. The number of steps per event represents the change in linking number per cleavage/religation cycle, and hence its distribution gives information on the mechanism of DNA relaxation by topo V. Linking number changes (⌬Lk) were calculated from changes in DNA length for each relaxation event. Fig. 2 A shows that the linking number changes in steps of different size for each cleavage/ religation cycle and follows an exponential distribution corresponding to ⌬Lk jumps in excess of one (Fig. 2B) .
To estimate the mean number of supercoils removed, we used a maximum-likelihood approach to fit the step-size distribution to NE ϭ Ae Ϫs/͗⌬Lk͘ , where NE is the number of events, s is the step size, and ͗⌬Lk͘ is the mean change in linking number per event (14) . This approach takes into account the fact that the length of the DNA in the experimental setup is finite, and hence there is a constraint on the possible number of steps taken, particularly for events when the DNA is almost fully relaxed (14) . Fig. 2B shows a typical histogram for the step-size distribution at a force of 0.5 pN. The mean change in linking number is 12.3 Ϯ 1.8 for topo-78 in 40% glycerol buffer. Hence, topo V is similar to type IB enzymes in that it relaxes DNA with a mean change in linking number greater than one and with an exponential distribution of step size.
Relaxation events also were measured for topo-78 in buffer with no glycerol added; the shape of the step-size distribution was similar (Fig. 2B Inset) . Too few events were recorded in the absence of glycerol to obtain a precise estimate of the mean step size, but we did observe that ͗⌬Lk͘ is increased by more than a factor of two in the lower-viscosity glycerol-free experiments. Measurements done at several stretching forces both with and without glycerol indicated that in all cases ͗⌬Lk͘ was not unity or any other fixed value.
The mean number of supercoils released during each relaxation cycle by topo-78 depends on the initial stretching force on the DNA. Experiments at 0.5, 1.0, 1.5, and 2.5 pN were performed to obtain the mean step size at these stretching forces. In addition, a few data points were collected at 0.25 pN, enough to obtain estimates of the velocity but not enough to obtain a reliable mean step size.
Although the shape of the distribution is similar for all of the forces tested and follows an exponential function (SI), the mean step size increases with applied force (Fig. 3) , reaching Ϸ20 turns at 2.5 pN. Fitting the data to a model that describes the step-size distribution in terms of the rates of cleavage and religation (SI) allows us to estimate the mean step size at zero angular velocity to be Ϸ12 turns in the presence of 40% glycerol.
We also measured the ''linear velocity'' of each event, the rate at which the DNA extends as supercoils are released (11) . For topo-78, this was found to depend highly nonlinearly on the applied force. The mean linear velocity of DNA relaxation was 1.2 Ϯ 0.1 m⅐sec Ϫ1 at 0.5 pN in 40% glycerol. With increase in force, a higher velocity of 2.2 Ϯ 0.2 m⅐sec Ϫ1 (at 1.0 pN) was observed; then the velocity appears to saturate, increasing to only 2.5 Ϯ 0.2 m⅐sec Ϫ1 , at 2.5 pN (Fig. 4A) . This apparent saturation simply is caused by the dependence of extension with linking number, which varies strongly with force (Fig. 1B) : at higher forces, larger changes in DNA linking number are required to generate a given change in extension. The rate of change of the linking number, hereafter referred to as the ''relaxation velocity'' (i.e., the number of turns relaxed per second), increased with applied force (Fig. 4A Inset) .
Velocity measurements also were made in buffer with no glycerol. The mean linear velocity of topo-78 events with no glycerol was found to be 3.0 Ϯ 0.4 m⅐sec Ϫ1 at 0.5 pN and 7.4 Ϯ 1.5 m/sec at 2.5 pN. These values correspond to relaxation velocities of 51.2 Ϯ 6.1 Lk sec Ϫ1 at 0.5 pN and 254.8 Ϯ 53.2 Lk sec Ϫ1 at 2.5 pN, compared with 20.5 Ϯ 1.2 Lk sec Ϫ1 at 0.5 pN and 86.8 Ϯ 7.9 Lk sec Ϫ1 at 2.5 pN in the presence of 40% glycerol. Hence, the 40% glycerol causes a reduction in the relaxation velocity by topo-78 by Ϸ2.5-fold, nearly equal to the change in viscosity introduced by the glycerol.
Relaxation of DNA occurs in the absence of an external energy source and is driven solely by the torque in the supercoiled DNA. We estimated the torque in the DNA by using Monte Carlo simulations of supercoiled DNA under tension (15) (SI). Plotting angular relaxation velocity, (radians of rotation per second), versus torque reveals a nonlinear relation between them (Fig. 4B) . At low angular relaxation velocities, there appears to be a linear relation, but at higher torques, the linearity disappears. The lack of a linear approach to zero by the linear velocity (Fig. 4A) indicates that bead translational motion is not the primary source of friction in the experiments (SI). On the other hand, the linear approach to zero rotation rate at zero torque (Fig. 4B) indicates that the primary source of dissipation is rotational.
The rotational friction follows from the rate at which torque increases with angular velocity in Fig. 4B . Near ϭ 0, this rotational friction is ϭ 0.071 Ϯ 0.002 pN⅐nm⅐sec. We note that the equivalent friction associated with rotation of the entire 9.7-kb-long DNA molecule around its axis in glycerol is Ϸ100 times smaller (SI), indicating that the source of the rotational friction is not the fluid viscosity imparting drag to rotation of all or part of the DNA molecule but instead is caused by some other source, most likely the enzyme-DNA interaction. The same analysis applied to our glycerol-free experiments, where the rotational velocities were Ϸ2.5 times higher, indicates that the rotational friction in our experiments is approximately proportional to the solution viscosity. Finally, we note that if we use the torque formula (2k B TAf ) 1/2 (16) instead of our Monte Carlo results, we are led to a significantly different value of ϭ 0.131 Ϯ 0.002 pN⅐nm⅐sec, an overestimate of the friction by Ϸ2.
Vaccinia virus topo IB has been characterized by single-molecule experiments similar to the ones described in ref. 11 . We carried out experiments with the vaccinia IB enzyme to compare with topo V. We found vaccinia topo IB to be active in the presence of 40% glycerol (data not shown). Because of the short length of DNA (9.7 kb) used in our experiments, the maximum number of supercoils introduced at 1.5 pN was limited to 80. In the absence of glycerol, vaccinia topo IB has a mean step size of Ϸ80 at this force (11). In the presence of glycerol, the DNA was relaxed in one event in most instances, and we could not ascertain the effect of glycerol on the step-size distribution. Nevertheless, these experiments confirmed that the mean step size for vaccinia virus topo IB is much larger than the one observed for topo V at the same applied force and under the same conditions.
Another type IB topoisomerase with strong similarities to the viral enzymes is the bacterial type IB enzyme from Deinococcus radiodurans (17, 18) . A step-size distribution for D. radiodurans topo IB was monitored at a force of 1 pN in the absence of glycerol, giving a mean step size of 54.4 Ϯ 33.8 turns. At this force, vaccinia topo IB has been reported to have a mean step size of Ϸ50 supercoils (11), nearly the same as for D. radiodurans topo IB. The velocity of D. radiodurans topo IB (no glycerol) was found to be 7.9 m⅐sec Ϫ1 at 1 pN force, a value comparable to that observed for vaccinia virus topo IB (6.7 m⅐sec Ϫ1 at 0.2 pN) (11). The remarkably consistent topo IB results provide a solid baseline with which to compare topo V.
Discussion
Our micromechanical experiments establish that topo V relaxes DNA in multiturn steps and uses a swiveling mechanism for DNA relaxation. The step-size distribution reveals the mean change in linking number per cleavage/religation cycle. For type IA topoisomerases, there only is one turn removed per cycle, whereas for vaccinia topo IB, the mean step size is 19 turns per cycle in the absence of any applied force (11) . By contrast, topo V releases Ϸ12 turns per cycle in the low-force limit in 40% glycerol, in accord with the value of Ϸ15 estimated from bulk experiments on topo V (1).
The mechanism of DNA relaxation by type IB topoisomerases has been shown to fit into a model in which friction and torque govern the relaxation activity (11) . The major source of friction is thought to be the interaction between the protein and the DNA, whereas the torque is provided by the torsional stress in the supercoiled DNA. A hallmark of this model is the mean step-size dependence with force, which translates into a dependence of the mean step size with angular relaxation velocity. Fig. 4C shows that for topo V the mean step size increases with increasing angular relaxation velocity. This relationship can be understood easily by assuming that both ends of the broken strand have to be physically close for religation to occur. As the angular relaxation velocity increases, the rotating strand moves past the other one faster and is in optimal position for religation for a shorter time interval. This leads to a lower probability of religation per step, and consequentially longer mean steps, for larger angular speeds. Given this hypothesis, and our observation that increased viscosity leads to reduced relaxation velocities, the average step size should decrease as viscosity is increased. We carried out step-size measurements for topo V in buffers with different amounts of glycerol, with the result that the mean step size is smaller in 40% than in the 0% glycerol.
The dependence of the rotational velocity, and therefore the rotational friction, on viscosity indicates that relatively large changes (on the order of a few nanometers) and also dynamic conformational changes of either the DNA or the enzyme, which are sensitive to fluid viscosity, are the source of the friction. This is consistent with the model of Koster et al. (11) , which posits thermal fluctuations of the protein-DNA complex over an energy barrier as the origin of the friction, because the rate of thermal fluctuations in such a model is inversely proportional to the fluid viscosity. Furthermore, as increases, we have observed the rotational friction to drop (slope increase for large in Fig. 4B ), as expected if the main source of the friction is caused by thermal fluctuation over a free-energy barrier to rotation (11) . We remark that the leading nonlinearity should be a term with quadratic dependence of angular velocity on torque, leading to differing frictions for relaxations in the two senses of rotation, i.e., differing magnitude of angular velocities for relaxation of positive and negative supercoils with equal magnitude torques (SI).
The mean step size for topo IB has been observed to be highly sensitive to the force applied to the DNA; as forces were varied from 1 pN to 3 pN, relaxation events varied in size from 20 to over 150 turns, roughly an eight-fold increase (11) . In contrast to this, the topo V step size increases only by about a factor of two when the applied force is changed from 0.5 to 2.5 pN. This finding suggests that there is less dependence of the step size on angular relaxation velocity in the case of topo V (Fig. 4C) . The smaller steps and the much lower level of sensitivity of step size to angular relaxation velocity for topo V relative to topo IB make clear that the modes of DNA relaxation of these two classes of enzymes have overall similarities, but the detailed mechanisms are distinct. Furthermore, topo-78 exhibits a slower linear velocity than does vaccinia topo IB. The linear velocity of topo-78 is 3.0 m⅐sec Ϫ1 (0.5 pN) in glycerolfree buffer and it is likely to be slower at lower forces; the relaxation velocity for vaccinia topo IB is 6.7 Ϯ 0.2 m⅐sec Ϫ1 (0.2 pN) (11). For comparison, a nicking enzyme represents the fastest release of supercoils after cleavage of a DNA strand and has a velocity of 10.5 Ϯ 0.2 m⅐sec Ϫ1 (0.2 pN) (11). The slower linear velocity of topo V relative to topo IB indicates that there is even more rotary friction for topo V than for topo IB. A larger friction reduces the angular velocity, which reduces mean step size for a given nonzero torque or force (11) , helping to explain the smaller step sizes observed for topo V relative to topo IB. However, we note that the nonzero mean step size in the limit of zero angular velocity (Fig. 4C) depends only on the competing ligation and recleavage rates during relaxation (ref. 11 and SI).
Although both topo V and topo IB appear to use a swiveling mechanism for DNA relaxation, the differences in mean step size, relaxation velocity, and the dependence of the mean step size with torque suggest that although the overall modes of DNA relaxation used by topo V and topo IB are the same, i.e., swiveling, the detailed mechanisms are distinct. The type IB model postulates that the enzyme introduces friction and hinders the free rotation of DNA and consequently slows down the velocity of the reaction. The source of friction is the interaction between protein and DNA and ensures that the steps are finite and that religation occurs. In support of this model, it has been observed that the linear velocity of vaccinia topo IB increases from 6.7 to 8.9 m⅐sec Ϫ1 upon mutation of an amino acid involved in interactions with DNA (11, 19) . Additionally, the structure of both a eukaryotic and a viral type IB enzyme in complex with DNA (20, 21) show that the DNA is completely encircled by the protein. There is no structure of a complex of topo V with DNA, but a model of the topoisomerase domain in complex with DNA (5) suggests extensive interaction of the protein with one face of the DNA, which could constrain free rotation of the strands. Although the binding groove in topo V appears to be longer than the equivalent region in type IB enzymes and may be able to exert similar friction without encircling the DNA, it is not clear that the type IB model will apply to topo V.
Finally, we also note that the generally slower rotation permitted by topo V may reflect differences between the physical conditions in our experiments and those found in the thermophilic bacterium where topo V occurs. Possibly the 40°C temperature used in the experiments, being much lower than the usual temperature of 108°C where topo V acts, leads to slow activity. Alternately, the absence of some of the C-terminal HhH repeats of topo V in topo-78 may affect the rotation rate. Experiments to study effects of temperatures above 40°C and inclusion of more of the HhH repeats will need to be the object of future studies.
In conclusion, despite differences in sequence, structure, and catalytic mechanism of DNA cleavage and religation, there is schematic conservation of the relaxation mechanism of type IB topoisomerases and topo V (Table 1) . Both types of enzymes use a swiveling mechanism to relax DNA, but it appears that in the case of topo V, the swiveling is significantly more constrained, leading to a smaller mean step size and slower relaxation rates. These two occurrences of the same overall mechanism suggest convergent evolution of very similar functions of these two subtypes of type I topoisomerases. This observation is even more striking when 
